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METHOD FOR MANUFACTURING 
NANO-ARRAY ELECTRODE AND 

PHOTOELECTRIC CONVERSION DEVICE 
USING SAME 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a divisional of co-pending US. patent 
application Ser. No. 11/424,242, ?led Jun. 15, 2006, W is a 
continuation of International Application No. PCT/JP2004/ 
016471, ?led Oct. 29, 2004, Which Was published in the 
Japanese language on Jul. 7, 2005, under International Pub 
lication No. WO 2005/061762 A1 and the disclosure of Which 
is incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

The present invention relates to novel nano-array elec 
trodes With a controlled nano-structure and photoelectric con 
version devices using the same. 

Conventional electrooptic devices and photoelectrochemi 
cal devices usually contain functional electrodes Wherein a 
semiconductor is formed as a ?lm on a substrate With an 

electrically conductive ?lm. The semiconductor is responsive 
to external factors such as heat, light and temperature changes 
and produces electrons, phonons, or complexes thereof 
depending on the environment. When these electrons, 
phonons, or complexes thereof propagate through a semicon 
ductor layer Which is formed of aggregated semiconductor 
?ne particles, scattering of the ?ne particles therein causes the 
deactivation of their elementary excitation state, Which Will 
be a problem When the performance of a functional device is 
intended to be improved. Therefore, it is important to sup 
press the scattering of the ?ne particles in the agglomerate 
thereof. 

For example, the most commonly used semiconductor 
material for dye-sensitized solar cells is titanium oxide (see, 
for example, Document 1 given beloW). The solar cells 
includes functional electrodes formed by forming a ?lm of 
titanium oxide particles a feW tens of nanometers in siZe on a 
transparent electrically conductive substrate and alloWing a 
dye to adsorb thereon. It has been reported that the photo 
conversion ef?ciency of this functional electrode depends 
largely on the structure of the titanium oxide layer such as the 
shape of titanium oxide particles and the bonding state 
thereof. The portions Wherein titanium oxide particles bond 
to each other form barriers to the passage of photo-generated 
electrons through the titanium oxide layer to the transparent 
electrically conductive substrate. Due to the formation of the 
barriers, suf?cient advantageous effects to enhance the solar 
energy conversion ef?ciency have not been able to be 
obtained even though the titanium oxide layer is thickened 
and a larger amount of dye is adsorbed thereto. In order to 
enhance the solar energy conversion ef?ciency, it has been 
attempted to control the structure of titanium oxide particles 
forming the titanium oxide layer (see, for example, Docu 
ments 2 to 8). HoWever, it is dif?cult to accurately control the 
structure of particles, and at the same time an issue concem 
ing the enhancement of the productivity also arises. 

For enhancing the ef?ciency of an organic ?lm type solar 
cell, it is necessary to establish a combination of an electron 
donating organic semiconductor (donor) and an electron-ac 
cepting organic semiconductor (acceptor), a so-called hetero 
junction structure. An effective charge separation occurs in 
the proximity of the interface betWeen the donor and the 
acceptor. Based on such an idea, Patent Documents 1 and 2 
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2 
beloW proposed the use of a so-called bulk heterojunction 
Wherein an electric conductive polymer as a donor and a 

fullerene derivative as an acceptor are mixed, thereby suc 
cessfully developing a device With higher photoelectric con 
ver‘ting ef?ciency than the conventional layered structure 
devices. In order to further enhance the ef?ciency, it is nec 
essary to precisely control the interface structure betWeen the 
donor and acceptor. HoWever, there is a problem that it is 
dif?cult to control the structure by the mere mixing of the 
donor and acceptor. 
Patent Document 1: US. Pat. No. 5,454,880 
Patent Document 2: US. Pat. No. 5,331,183 
Non-Patent Document 1: “NATURE” (Great Britain) 1991, 
VOL. 353, page 737 by B. O’Regan and M. GratZel 

Non-Patent Document 2: “Nano Letters” (USA) 2001, 
VOL. 1, page 637 by M. S. Won, Esther S. Jeng, and Jackie 
Y. Ying 

Non-Patent Document 3: “Joumal of American Chemical 
Society” (USA) 1998, VOL. 120, page 6832 by M. 
Ohtaki et al. 

Non-Patent Document 4: “Advanced Materials” (USA) 
2002, VOL. 14, page 309 by M.Yata, M. Mihara, S. Mouri, 
M. Kuroki, and T. Kijima 

Non-Patent Document 5: “Chemical Communications” 
(Great Britain) 1996, page 1685 by N. Ulagappan and C. N. 
R. Rao 

Non-Patent Document 6: “Chinese Journal of Catalysis” 
(China) 1999, VOL. 20, page 375 by W. Zhao, Y. Sun, Q. 
Ma, andY. Fang 

Non-Patent Document 7: “Microporus and Mesoporous 
Materials” (USA) 1999, VOL. 30, page 315 by D. M. 
Antonelli 

Non-Patent Document 8: “Journal of Materials Chemistry” 
(Great Britain) 1999, VOL. 9, page 2971 by H. Imai,Yuko 
Takei, KaZuhiko ShimiZu, Manabu Matsuda, and Hiroshi 
Hirashima 

BRIEF SUMMARY OF THE INVENTION 

The present invention Was achieved in vieW of the forego 
ing situations and has an object to provide a method of manu 
facturing a novel nano -array electrode With a controlled nano 
structure and a high performance and e?icient photoelectric 
conversion device comprising the nano-array electrode. 

That is, the present invention relates to a method of manu 
facturing a nano-array electrode Wherein an electrode mate 
rial is ?lled into the ?ne pores of an anodic-oxide porous 
alumina ?lm obtained by anodically oxidiZing aluminum in 
electrolyte. 
The present invention also relates to a method ofmanufac 

turing a nano-array electrode Wherein after a material is ?lled 
into the ?ne pores of an anodic-oxide porous alumina ?lm 
obtained by anodically oxidiZing aluminum in electrolyte, an 
electrode material is ?lled into the spaces de?ned betWeen the 
nano-arrays by removing the anodic-oxide porous alumina 
?lm. 

Furthermore, the present invention also relates to a method 
of manufacturing a nano -array electrode Wherein an electrode 
material is repeatedly ?lled into the ?ne pores of an anodic 
oxide porous alumina ?lm obtained by anodically oxidiZing 
aluminum in electrolyte so as to ?ll a plurality of electrode 
materials thereinto. 

Still furthermore, the present invention also relates to a 
method of manufacturing a nano-array electrode Wherein 
after a compound having an electron-accepting structure or an 
electron-donating structure is ?lled into the ?ne pores of an 
anodic-oxide porous alumina ?lm obtained by anodically 
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oxidizing aluminum in electrolyte, the spaces de?ned 
betWeen the nano-arrays formed of the compound by remov 
ing the anodic-oxide porous alumina ?lm are ?lled With a 
compound having an electron-donating structure if the nano 
arrays have an electron-accepting structure and a compound 
having an electron-accepting structure if the nano-arrays have 
an electron-donating structure. 

Still furthermore, the present invention relates to a photo 
electric converting device comprising the nano-array elec 
trode manufactured by any of the foregoing methods. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

The foregoing summary, as Well as the folloWing detailed 
description of the invention, Will be better understood When 
read in conjunction With the appended draWings. For the 
purpose of illustrating the invention, there are shoWn in the 
draWings embodiments Which are presently preferred. It 
should be understood, hoWever, that the invention is not lim 
ited to the precise arrangements and instrumentalities shoWn. 

In the draWings: 
FIG. 1 is a schematic vieW for illustrating the manufacture 

of a nano-array electrode. 
FIG. 2 is a schematic vieW for illustrating the use of an 

organic semiconductor material. 
FIG. 3 is a schematic vieW for illustrating the use of an 

organic semiconductor material. 
FIG. 4 shoWs an example Where the domain structure of a 

photoelectric conversion layer is a continuous layer. 
FIG. 5 shoWs an example Where the domain structure of a 

photoelectric conversion layer is a quantum Well structure. 
FIG. 6 shoWs an example Where the domain structure of a 

photoelectric conversion layer is a quantum Well structure. 
FIG. 7 is a sectional vieW of a photoelectric conversion 

device. 
FIG. 8 is a sectional vieW of a photoelectric conversion 

device. 
FIG. 9 is a sectional vieW of a photoelectric conversion 

device. 
FIG. 10 shoWs an example of the layer structure of a pho 

toelectric conversion device. 
FIG. 11 is a sectional vieW of a photoelectric conversion 

device. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention Will be described in more detail 
beloW. 

The nano-array electrode of the present invention is char 
acteriZed in that it is manufactured using an anodic-oxide 
porous alumina ?lm obtained by anodically oxidiZing alumi 
num in electrolyte, as a mold. There is no particular restriction 
on the type of aluminum to be anodically oxidiZed as long as 
it contains aluminum. Examples of aluminum include alumi 
num metals and aluminum alloys of aluminum and metals 
such as chromium, nickel, iron, silicon, copper, manganese, 
magnesium, Zinc, and titanium. There is no particular restric 
tion on the shape of aluminum. Examples of the shape include 
plate and foil. Alternatively, any of the materials containing 
aluminum may be laminated on a substrate such as glass. 

There is no particular restriction on the substrate. The 
transparency, material, thickness, siZe, and shape of the sub 
strate can be properly selected depending on the purposes. 
For example, the substrate may be selected from colorless or 
colored glasses, Wire glasses, glass blocks, Wood, and stone. 
Alternatively, the substrate may be a colored or colorless 
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4 
transparent resin. Speci?c examples of such a resin include 
polyesters such as polyethylene terephthalate, polyamides, 
polysulfones, polyethersulfones, polyether ketones, polyphe 
nylene sul?des, polycarbonates, polyimides, polymethyl 
methacrylates, polystyrenes, cellulose triacetates, and poly 
methyl pentenes. The term “transparent” used herein denotes 
a transmissivity of 10 to 100 percent, preferably 50 percent or 
greater. 

Alternatively, the substrate may be provided With electric 
conductivity by forming thereon an electrode layer. There is 
no particular restriction on the electrode layer. For example, 
the electrode layer may be a metal ?lm of gold, silver, chro 
mium, copper, or tungsten or an electrically conductive ?lm 
of a metal oxide. Preferred examples of the metal oxide 
include those obtained by doping to a metal oxide of tin or 
Zinc a trace amount of a different metal element, such as 
Indium Tin Oxide (ITO (In2O3:Sn)), Fluorine doped Tin 
Oxide (FTO (SnO2:F)), Aluminum doped Zinc Oxide (AZO 
(ZnO:Al)), and Indium doped Zinc Oxide (IZO (ZnO:In)). 

There is no particular restriction on the ?lm thickness of the 
electrode layer. HoWever, it is usually from 50 to 5000 nm and 
preferably from 100 to 3000 nm. There is no particularrestric 
tion on the surface resistance (resistivity). HoWever, it is 
usually from 0.5 to 500 9/ sq, preferably from 2 to 50 Q/sq. 

There is no particular restriction on the method of forming 
the electrode layer. The method is properly selected from any 
conventional methods depending on the type of the above 
described metal or metal oxide used as the electrode layer. In 
general, the method is selected from vacuum ?lm forming 
methods such as vacuum deposition, ion plating, CVD, and 
sputtering and Wet ?lm forming methods such as electrocrys 
tallization, electrophoresis, electrolytic plating, and electro 
less plating. When any of the vacuum ?lm forming methods is 
employed, the electrode layer is desirously formed at a sub 
strate temperature of 20 to 7000 C. When any of the Wet ?lm 
forming methods is employed, the electrode layer is desir 
ously formed at a substrate temperature of —20 to 3000 C. 

There is no particular restriction on the electrolyte to be 
used for anodic oxidiZation as long as it is capable of dissolv 
ing alumina generated by anodic oxidiZation of aluminum. 
Therefore, the electrolyte may be an acid aqueous solution, an 
alkali aqueous solution or a non-aqueous electrolyte. 

There is no particular restriction on the acid aqueous solu 
tion as long as it is acidic enough to dissolve alumina gener 
ated by anodic oxidiZation of aluminum. Examples of the acid 
aqueous solution include various types of aqueous solutions 
of sulfuric acid, oxalic acid, phosphoric acid, boric acid, nitric 
acid, acetic acid, or a mixture thereof. The pH of the acid 
aqueous solution is from 0.01 to 5, preferably from 0.1 to 3. 

There is no particular restriction on the alkali aqueous 
solution as long as it is alkaline enough to dissolve alumina 
generated by anodic oxidiZation of aluminum. Examples of 
the alkali aqueous solution include various types of aqueous 
solutions of sodium hydroxide, potassium hydroxide, cal 
cium hydroxide, lithium hydroxide, magnesium hydroxide, 
lithium carbonate, sodium carbonate, potassium carbonate, 
calcium carbonate, magnesium carbonate, lithium hydrogen 
carbonate, sodium hydrogen carbonate, potassium hydrogen 
carbonate, calcium hydrogen carbonate, magnesium hydro 
gen carbonate, or a mixture thereof. The pH of the alkali 
aqueous solution is from 8 to 14, preferably from 9 to 13. 
The non-aqueous electrolyte may be any of solvents Which 

are generally used for electrochemical cells or electric cells. 
Speci?c examples of the non-aqueous electrolyte include 
acetic anhydride, methanol, ethanol, tetrahydrofuran, propy 
lene carbonate, nitromethane, acetonitrile, dimethylforma 
mide, dimethylsulfoxide, hexamethylphosphoamide, ethyl 
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ene carbonate, dimethoxyethane, y-butyrolactone, 
y-valerolactone, sulfolane, propionnitrile, glutaronitrile, adi 
ponitrile, methoxyacetonitrile, methoxypropionitrile, dim 
ethylacetoamide, methylpyrrolidinone, dioxolane, trimethyl 
phosphate, triethyl phosphate, tripropyl phosphate, ethyldim 
ethyl phosphate, tributyl phosphate, tripentyl phosphate, tri 
hexyl phosphate, triheptyl phosphate, trioctyl phosphate, 
trinonyl phosphate, tridecyl phosphate, tris(tri?uoromethyl) 
phosphate, tris(penta?uoroethyl)phosphate, triphenylpoly 
ethylene glycol phosphate, and polyethylene glycol. Particu 
larly preferred examples include propylene carbonate, 
ethylene carbonate, dimethylsulfoxide, dimethoxyethane, 
acetonitrile, y-butyrolactone, sulfolane, dioxolane, dimethyl 
formamide, tetrahydrofuran, adiponitrile, methoxyacetoni 
trile, methoxypropionitrile, dimethylacetoamide, methylpyr 
rolidinone, trimethyl phosphate, and triethyl phosphate. 

Alternatively, an ordinary-temperature melting salt may be 
used as the electrolyte. The term “ordinary-temperature melt 
ing salt” used herein denotes a salt comprising an ion pair in 
a melted state (liquid state) at ordinary temperature, more 
speci?cally a salt comprising an ion pair Whose melting point 
is 200 C. or beloW and Will be in a liquid state at a temperature 
exceeding 200 C. Examples of the ordinary-temperature 
melting salt include those represented by the folloWing for 
mulas: 

Wherein R is an alkyl group having 2 to 20, preferably 2 to 10 
carbon atoms and X- is a halogen ion or SCN‘; 

Wherein R1 and R2 are each independently an alkyl group 
having 1 to 10 carbon atoms, preferably methyl or ethyl or an 
aralkyl group having 7 to 20, preferably 7 to 13 carbon atoms, 
preferably benZyl and may be the same or different from each 
other and X“ is a halogen ion or SCN'; 

Wherein R1, R2, R3, and R4 are each independently an alkyl 
group having one or more carbon atoms, preferably 1 to 6 
carbon atoms, an aryl group having 6 to 12 carbon atoms such 
as phenyl, or a methoxymethyl group and may be the same or 
different from each other and X- is a halogen ion or SCN‘. 
Any one or more of the solvents may be used in the present 

invention. 
If necessary, a supporting electrolyte may be added. 

Examples of the supporting electrolyte include salts, acids, 
alkalis, ordinary-temperature melting salts Which are gener 
ally used in the ?eld of electrochemistry or electric batteries. 

There is no particular restriction on the salts. For example, 
the salts may be inorganic ion salts such as alkali metal salts 
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6 
and alkaline earth metal salts, quaternary ammonium salts, 
cyclic quaternary ammonium salts, and quaternary phospho 
nium salts. Particularly preferred are Li salts. 

Speci?c examples of the salts include Li, Na, and K salts 
having a counter anion selected from C104‘, B134‘, CF3SO3_, 
(CF3SO2)2N_, (C2F5SO2)2N_, PF6_,AsF6_, CH3COO_, CH3 
(C6H4)SO3_, and (C2F5SO2)3C_. 

CH + CH +/ 3 / 3 
N\ C104 \ c104 

CH3 02H, 

1 02H, 

N< c104 
02H, 

+ N 0104-. 

Furthermore, the salts may be any of phosphonium salts 
having a counter anion selected from C104“, B134“, CF3SO3_, 
(CF3SO2)2N_, (C2F5SO2)2N_, PF6_,AsF6_, CH3COO_, CH3 
(C6H4)SO3_, and (C2FSSOZ)3C_. More speci?c examples 
include (CH3)4P+BF4_, (C2H5)4P+BF4_, (C3H7)4P+BF4_, 
and (C4H9)4P+BF4_. 
A mixture of these compounds may be suitably used in the 

present invention. 
There is no particular restriction on the acids, Which, there 

fore, may be inorganic acids or organic acids. Speci?c 
examples of the acids include sulfuric acid, nitric acid, acetic 
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acid, hydrochloric acid, boric acid, oxalic acid, phosphoric 
acids, sulfonic acids, and carboxylic acids. 

There is no particular restriction on the alkalis, Which, 
therefore, may be sodium hydroxide, potassium hydroxide, 
and lithium hydroxide. 

The anodic-oxide porous alumina ?lm used in the present 
invention is obtained by anodically oxidizing a material con 
taining aluminum in the above-described electrolyte. There is 
no particular restriction on the cathode used for anodic oxi 
diZation. Examples of the cathode include graphite, glassy 
carbon, and metal plates of platinum, chromium, and SUS. 
There is no particular restriction on the temperature at Which 
anodic oxidiZation is conducted. HoWever, it is preferably 
from —40 to 100° C. There is no particular restriction on the 
voltage at Which anodic oxidiZation is conducted. HoWever, it 
is preferably from 1 to 300 V. The time for Which anodic 
oxidiZation is conducted varies depending on the type of the 
electrolyte, the applied voltage and the ?lm thickness of the 
desired ?lm mold but is preferably from 1 minute to 100 
hours. In order to obtain an anodic-oxide porous alumina ?lm 
With more highly regulated pores, anodic oxidiZation may be 
conducted after a part of the initial anodic-oxide ?lm is dis 
solved or after concavities and convexities are provided in a 
desired regulated pattern on a material to be anodically oxi 
diZed. 

In the present invention, there are tWo types of methods of 
manufacturing the nano-array electrode using the above-de 
scribed anodic-oxide porous alumina ?lm, as a mold, such as 
method (A) Wherein an electrode material is ?lled into the ?ne 
pores of the anodic-oxide porous alumina ?lm and method 
(B) Wherein after a material is ?lled into the ?ne pores of the 
anodic-oxide porous alumina ?lm, an electrode material is 
?lled into the spaces de?ned betWeen the nano-arrays formed 
by removing the anodic-oxide porous alumina ?lm. Further 
more, in method (A), the anodic-oxide porous alumina ?lm 
may be left (A-1) or may be removed (A-2). ln method (B), 
the material having been ?lled into the ?ne pores of the 
anodic -oxide porous alumina ?lm may be left (B- 1) or may be 
removed (B-2). The nano-array electrode manufactured by 
each of the methods is schematically shoWn in FIG. 1. 

There is no particular restriction on the electrode material 
to be ?lled into the ?ne pores of the anodic-oxide porous 
alumina ?lm. Examples of the electrode material include 
metals such as gold, silver, nickel, platinum, chromium, tung 
sten, and copper; inorganic semiconductor materials such as 
TiO2, W03, ZnO, Nb2O5, ZnS, SnO2, SiO2, Si, PbS, CdS, 
FeMMXSi2 (x:0 or 1, M:Co, Mn, or Cr), Bi2S3, CdSe, 
CulnS2, CulnSe2, Fe2O3, GaP, GalnAsP, GaAs, lnP, GaSb, 
Ge, SiGe, CdTe, CulnGaSSe, CulnGaSe2, MX3-based com 
pounds (M:Co, Rh, or lr; XIP, As, or Sb), RM4Xl2 (MIFe, 
Ru, or Os; RILa, Ce, Pr, Nd, or Eu), Bi2Te3, NaCo2O4, 
(ZnO)mln2O3 (m:4 to 7, 9 or 11), BalqgSrxPbO3 @(IO or 1), 
Nil_xLiO (x:0 or 1), Cd3TeO6, Cd3_xAxTeO6_6 (x:0 or 1, 6:0 
to 0.8), and Znl_xAlxO (x:0 or 1); and organic semiconductor 
materials including conjugated organic matters such as 
polyphenylene vinylene (PPV) and polythiophene, organic 
sub stances such as those Wherein conjugated sub stances bond 
via unconjugated chains, compounds With an electron-donat 
ing molecular structure, compounds With an electron-accept 
ing molecular structure, polymers constituted by at least a 
polymer unit containing an electron-donating molecular 
structure and a polymer unit containing an electron-accepting 
molecular structure. Furthermore, the electrode material may 
be an alloy exhibiting a metal semiconductor transition 
behavior, such as Gd3Mg7, YH,C (x:0 to 3),YiMg, NiiMg, 
SmiMg (m:0 to 3). 
The term “electron-donating molecular structure” used 

herein denotes a structure exhibiting properties that the mol 
ecules are small in ioniZation potential and likely to become 
positive ions per se by supplying electrons to other molecules, 
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8 
While the term “electron-accepting molecular structure” 
denotes a structure exhibiting properties that the molecules 
are large in electron a?inity and likely to become negative 
ions per se by accepting electrons from other molecules. 

Since in the present invention, a compound having an elec 
tron-donating molecular structure and a compound having an 
electron-accepting molecular structure are used in combina 
tion, the above-described electron-donating and electron-ac 
cepting properties are determined automatically depending 
on the relative relationship betWeen the compounds to be 
used. Therefore, combinations of such structures that ful?ll 
these properties are arbitrarily selected. 

There is no particular restriction on the molecular structure 
having electron-donating properties as long as it has electron 
donating properties in the molecular structure portion. 
Examples of the structure include amine, metallocene, pol 
yarylene vinylene, polyanyline, polythiophene, polypyrrole 
and polyamine structures. 

There is no particular restriction on the molecular structure 
having electron-accepting properties as long as it has elec 
tron-accepting properties in the molecular structure portion. 
Examples of the structure include viologen, perylene and 
fullerene structures. 

Speci?c examples of the molecular structures having elec 
tron-accepting properties include those represented by for 
mulas (1) to (20) beloW, While speci?c examples of the 
molecular structures having electron-donating properties 
include those represented by formulas (21) to (63) beloW: 
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In formulas (1) to (63), R1 to R60 (excluding R10 and R12) 

may be the same or different from each other and are each 
independently hydrogen; a straight-chain or branched alkyl, 
alkenyl or alkoxyl group each having 1 to 10 carbon atoms; or 
an aryl, aralkyl, or aryloxy group having 6 to 12 carbon atoms. 
R44 may bond to a cyclopentadienyl ring so as to form a ring 
or may form a group crosslinking cyclopentadienyl rings 
Which are different from each other. 

R10 and R12 may be the same or different from each other 
and are each independently hydrogen, halogen, a cyano, 
nitro, hydroxyl, amino, carboxyl, acetyl, or formyl group, a 
straight-chain or branched alkyl, alkenyl, alkoxyl, alkylthio 
or alkyloxycarbonyl group having 1 to 10 carbon atoms, or an 
aryl, aralkyl, or aryloxy group having 6 to 12 carbon atoms. 
When a plurality of R6 to R60 groups exist in one of the 

above formulas, they may be the same or different from each 
other. 
A“ and B“ may be the same or different from each other and 

are each independently a counter anion selected from the 
group consisting of halogen anions, C104‘, B134‘, P136‘, 
CH3COO_, and CH3(C6H4)SO3_. 

In the above formulas, m and n are each independently an 
integer of 1 to 1,000, preferably 2 to 500, and k and 1 each 
indicate the number of each cyclic hydrocarbon group Which 
can be substituted and are each usually an integer of 0 to 4. 
M1 is a metal atom such as Cu, Zn, Co, Fe, Ti, Mg, Ni, Mo, 

Os, and Ru. M2 is an alkali metal or alkaline earth metal such 
as Li, Na, Mg, and Ca. M3 is Cr, Co, Fe, Mg, Ni, Os, Ru, V, 
XiHfiY, XiMoiY, XiNbiY, XiTiiY, XiViY 
or XiZriY Wherein X andY are each independently hydro 
gen, halogen or an alkyl, alkenyl, alkoxy, aryl or aralkyl group 
having 1 to 12 carbon atoms and may be the same or different 
from each other. 

Examples of the alkyl group include methyl, ethyl, propyl, 
i-propyl, butyl, s-butyl, t-butyl, pentyl, isopentyl, neopentyl, 
t-pentyl, hexyl, isohexyl, heptyl, octyl, nonyl, and decyl 
groups. Examples of the alkenyl group include vinyl, allyl, 
isopropenyl, butylenyl, pentylenyl, and hexenyl group. 
Examples of the alkoxy group include methoxy, ethoxy, pro 
poxy, i-propoxy, butoxy, s-butoxy, t-butoxy, pentoxy, isopen 
toxy, neopentyloxy, t-pentyloxy, hexyloxy, isohexyloxy, hep 
tyloxy, octyloxy, nonyloxy, and decyloxy groups. Examples 
of the aryl group include phenyl, xylyl, tolyl, cumenyl, and 
naphthyl groups. Examples of the aralkyl group include ben 
Zyl and trimethyl. Examples of the aryloxy group include 
phenoxy and tolyloxy groups. 

Speci?c examples of the compound having an electron 
accepting molecular structure and that having an electron 
donating molecular structure include polyacetylene, polypyr 
role, polypyridine, poly-p-phenylene, poly-p 
phenylenesul?de, polyphenylenevinylene, poly(2,5 
dihexyloxy-1 ,4 -phenylenevinylene), poly (2, 5 -dioctyloxy-1 , 
4-phenylenevinylene), poly(2-methoxy-5-(2' 

(63) 

25 

30 

35 

40 

45 

50 

55 

60 

65 

18 
ethylhexyloxy)-1,4-phenylenevinylene), and compounds 
represented by formulas (64) to (126) beloW: 
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Preferred combinations of the electron-accepting molecu 
lar structure and the electron-donating molecular structure 
are a fullerene derivative (formula (3)) and a poly(phenyle 
nevinylene) derivative (formula (42)); a cyano group-con 
taining poly(phenylenevinylene) derivative (formula (6)) and 
a poly(phenylenevinylene) derivative (formula (42)); a violo 
gen derivative (formula (1)) and an amine derivative (formu 
las (31) to (37)); a viologen derivative (formula (1)) and a 
metallocene derivative (formula (48)); a viologen derivative 
(formula (1)) and a polythiophene derivative (formula (44)); 
a viologen derivative (formula (1)) and a polypyrrole deriva 
tive (formula (44)); a viologen derivative (formula (1)) and a 
poly(phenylenevinylene) derivative (formula (42)); a 
perylene derivative (formula (2)) and a copper phthalocya 
nine derivative (formulas (22) to (24)); a perylene derivative 
(formula (2)) and a phthalocyanine derivative (formula (21)); 
a perylene derivative (formula (2)) and an amine derivative 

h 
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(formulas (31) to (37)); a perylene derivative (formula (2)) 
and a poly(phenylenevinylene) derivative (formula (42)); a 
perylene derivative (formula (2)) and a polythiophene deriva 
tive (formula (44)); a perylene derivative (formula (2)) and a 
polypyrrole derivative (formula (44)); a perylene derivative 
(formula (2)) and a metallocene derivative (formula (48)); a 
fullerene derivative (formula (3)) and a copper phthalocya 
nine derivative (formulas (22) to (24)); a fullerene derivative 
(formula (3)) and an amine derivative (formulas (31) to (37)); 
a fullerene derivative (formula (3)) and a polythiophene 
derivative (formula (44)); a fullerene derivative (formula (3)) 
and a polypyrrole derivative (formula (44)); a fullerene 
derivative (formula (3)) and a metallocene derivative (for 
mula (48)); a cyano group-containing poly(phenylenevi 
nylene) derivative (formula (6)) and an amine derivative (for 
mulas (31) to (37)); a cyano group-containing poly 
(phenylenevinylene) derivative (formula (6)) and a copper 
phthalocyanine derivative (formulas (22) to (24)); a cyano 
group-containing poly(phenylenevinylene) derivative (for 
mula (6)) and a polythiophene derivative (formula (44)); a 
cyano group-containing poly(phenylenevinylene) derivative 
(formula (6)) and a polypyrrole derivative (formula (44)); and 
a cyano group-containing poly(phenylenevinylene) deriva 
tive (formula (6)) and a metallocene group (formula (48)). 

These structures having an electron-accepting property or 
an electron-donating property are preferably those With car 
rier mobility. Whether the structures have carrier mobility can 
be easily determined by a conventional method. For example, 
a polymer mostly constituted by any of these structure is 
prepared, and then the carrier mobility of the polymer is 
measured by a time-of-?ight method thereby determining 
Whether the structure has carrier mobility or not (for example, 
see examples of measurement described in Jpn. J. Appl. 
Phys., Vol. 38, pp. L1 1 88 (1999). The structure are those With 
a carrier mobility of 10-7 to 103 cm2/V~s, preferably 10-6 to 
10 cm2/V~s. 
A nano-array electrode With a structure as shoWn in FIG. 2 

may be obtained using any of the above-described organic 
semiconductor materials. More speci?cally, for example, 
after a compound With an electron-accepting structure or an 
electron-donating structure is ?lled into the ?ne pores of an 
anodic-oxide porous alumina ?lm obtained by anodically 
oxidiZing aluminum, laminated on the transparent electri 
cally conductive layer of a transparent electrically conductive 
substrate, a compound With an electron-donating structure is 
?lled into the spaces de?ned betWeen the nano-arrays formed 
by removing the anodic-oxide porous alumina ?lm if the 
nano-arrays are formed of the compound With an electron 
accepting structure, and a compound With an electron-accept 
ing structure is ?lled into the spaces de?ned betWeen the 
nano-arrays formed by removing the anodic-oxide porous 
alumina ?lm if the nano-arrays are formed of the compound 
With an electron-donating structure thereby obtaining the 
nano-array electrode as shoWn in FIG. 2. In this case, the 
diameter (R) of the pores of the anodic-oxide porous alumina 
?lm used as a mold is preferably 10 time or less of the exciton 
diffusion length (L) of the organic semiconductor material to 
be ?lled at ?rst (R210 L). Furthermore, the value (P-R) 
determined by deducting the diameter (R) of the pores of the 
anodic-oxide porous alumina ?lm from the pitch (P: pitch 
betWeen the ?ne pores) is preferably 10 times or less of the 
exciton diffusion length (L') of the organic semiconductor 
material to be ?lled next (P-RélO L'). Alternatively, in the 
case Where a multi-layered ?lm is laminated in the ?ne pores 
of the anodic-oxide porous alumina ?lm used as a mold as 
shoWn in FIG. 3, the ?lm thickness of each of the layered ?lms 
(d: i is the number of ?lms of the layered ?lms and an integer 










































